Introduction
Oriented cell divisions are essential for the development, growth, and homeostasis of many tissues. In epithelia, most divisions occur within the plane of the tissue (Fleming et al., 2007) . This contributes to the expansion of the tissue's surface, and is also essential for tissue cohesion and maintaining the epithelial monolayer organization: failure to orient the spindle properly may result in unequal distribution of polarized cell junctions between sister cells, leading to loss of attachment and to exit of one sister from the monolayer and possibly deleterious effects (Morin et al., 2007; Jaffe et al., 2008; Fleming et al., 2009; Zheng et al., 2010) . In the chick embryonic neuroepithelium, defective planar orientation leads to increased proliferation of misplaced neuroepithelial cells (Morin et al., 2007) . Within epithelial sheets, coordinated orientation of cell divisions may contribute to tissue elongation along a specific axis (Baena-López et al., 2005) . During mammalian kidney development, failure to orient divisions along the axis of the renal tubules results in tubular enlargement and polycystic kidney disease (Fischer et al., 2006) . Asymmetric cell divisions rely on extrinsic or intrinsic cues to produce progenies with a different identity, and orientation of the mitotic spindle can play a crucial role in both cases. For example, stem cells in the Drosophila male germline orient their axis of division to maintain one of the progeny in contact to an environmental self-renewal signal, while the other daughter cell is born away from this signal and differentiates (Yamashita and Fuller, 2008) . In fly embryonic and larval neuroblasts, coordination between the polarized, asymmetric distribution of intrinsic cell fate determinants and the orientation of the axis of division of the mother cell is crucial to resolve differential cell fates (Cabernard and Doe, 2009 ).
There are two main strategies to achieve a specific spindle orientation (Yamashita and Fuller, 2008) . The orientation may T o maintain tissue architecture, epithelial cells divide in a planar fashion, perpendicular to their main polarity axis. As the centrosome resumes an apical localization in interphase, planar spindle orientation is reset at each cell cycle. We used three-dimensional live imaging of GFP-labeled centrosomes to investigate the dynamics of spindle orientation in chick neuroepithelial cells. The mitotic spindle displays stereotypic movements during metaphase, with an active phase of planar orientation and a subsequent phase of planar maintenance before anaphase. We describe the localization of the NuMA and LGN proteins in a belt at the lateral cell cortex during spindle orientation. Finally, we show that the complex formed of LGN, NuMA, and of cortically located Gi subunits is necessary for spindle movements and regulates the dynamics of spindle orientation. The restricted localization of LGN and NuMA in the lateral belt is instructive for the planar alignment of the mitotic spindle, and required for its planar maintenance.
A lateral belt of cortical LGN and NuMA guides mitotic spindle movements and planar division in neuroepithelial cells cell divisions, in model systems showing either reset (vertebrate epithelial cells) or inherited (Drosophila larval neuroblasts) spindle orientation.
In this paper, we investigate the dynamics of spindle orientation in chick neuroepithelial cells. We show that it follows a stereotypic three-dimensional pattern during metaphase, with an active phase of planar spindle orientation and a subsequent phase of planar maintenance. We then investigate the distribution of members of the LGN complex in neuroepithelial cells and show that LGN and NuMA localize in a lateral belt at the cell cortex during cell division. Finally, we show that the LGN complex is necessary for the biphasic spindle movement pattern and regulates the dynamics of spindle orientation. Its restricted localization in the lateral belt is instructive for planar spindle alignment and required for planar maintenance. Knockdown or mislocalization of members of the LGN complex results in spindle orientation defects, which ultimately lead to disorganization of the neuroepithelium. These data identify Gi, LGN, and NuMA as essential regulators of mitotic spindle dynamics, planar cell division, and epithelial organization in vertebrate cells in vivo.
Results

A biphasic movement leads to planar orientation of the mitotic spindle in neuroepithelial cells
The vertebrate neuroepithelium is organized as a pseudo-stratified monolayer of elongated, proliferative cells, which constitute the initial reservoir of neural stem cells. 80-90% of these cells divide in the plane of the neuroepithelial apical surface (Noctor et al., 2008; Shioi et al., 2009) . Planar orientation of the mitotic spindle ensures the symmetric parting of the apical membrane and subapical junctions and is essential to maintain the monolayered organization (Morin et al., 2007) . Several studies have reported highly dynamic movements of the mitotic spindle during metaphase in murine and chick neural progenitor cells (Adams, 1996; Haydar et al., 2003; Roszko et al., 2006; Morin et al., 2007) , but none combined sufficient temporal and spatial resolution to accurately represent spindle movements in space.
We used in ovo electroporation in the E2 chick embryo to label the centrosomes and/or chromosomes of neuroepithelial cells with chick Centrin2-GFP and human Histone2b-GFP fusion proteins, respectively. Electroporated neural tubes were harvested at E3 and cultured en face, with their apical surface facing the coverslip. 3D stacks of confocal images were acquired at 1-min intervals for several hours ( Fig. S1 ; Video 1). As a consequence of interkinetic nuclear movements, all cells undergoing mitosis have their mitotic spindle located immediately underneath the apical surface and can be imaged in the same field close to the coverslip, with the Z axis corresponding to the apical-basal axis of the cell. Using the 3D coordinates of spindle poles, we can measure the orientation and movements of the spindle between successive time points (see Materials and methods).  Z is the angle of the axis of the spindle relative to the apical surface and  XY is the angle of the projection of the spindle axis on the XY plane relative to its initial value at metaphase be fixed before mitosis and inherited throughout the cell cycle from one division to the next, like in the Drosophila male germline in which the centrosome is trapped next to the cell cortex after division. After duplication, one centrosome remains in the same position while the other is free to wander away, and the spindle forms in its definitive orientation, with one pole tethered to the cell cortex. This is a convenient way for these cells to divide asymmetrically repeatedly and to keep the self-renewing cell in the same position in the stem cell niche. A similar behavior has been described in asymmetrically dividing neuroblasts of the Drosophila embryonic and larval nervous system, with the notable exception of the first division of the lineage in the embryo (Rebollo et al., 2007 (Rebollo et al., , 2009 Rusan and Peifer, 2007) . However, other cell types divide in a different orientation from one cell cycle to the next, or need to relocate their centrosome in interphase. This is the case in ciliated epithelial cells, which divide in a planar manner, but whose centrosome forms the base of the apical cilium during interphase. In these cells, the mitotic spindle tends to form with a random orientation and planar orientation is achieved by rotation of the assembled mitotic spindle during metaphase (Reinsch and Karsenti, 1994; Roszko et al., 2006) . Rotation is driven by cortical forces exerted on astral microtubules emanating from the spindle poles (Théry et al., 2007) . The minus end-directed motor activity of the dyneindynactin complex, combined with cortical anchoring of the complex, generates pulling forces on astral microtubules (Busson et al., 1998; Nguyen-Ngoc et al., 2007; Siller and Doe, 2008; Yingling et al., 2008) . Local differences in cortical forces attract spindle poles toward stronger pulling forces and result in spindle rotation.
We and others have previously shown that the G protein regulator leucine-glycine-asparagine repeat protein (LGN) is necessary for planar spindle orientation in chick and mouse neuroepithelial cells (Morin et al., 2007; Konno et al., 2008) . A recent study has shown a role for LGN in symmetric planar divisions and epithelial morphogenesis in a model of cyst formation . LGN contains four C-terminal GoLoco domains that directly interact with GDP-bound inhibitory -subunits of heterotrimeric G proteins (Gi1, Gi2, and Gi3 in vertebrates, and to a lesser extent Go; Siderovski et al., 1999) . Its N terminus contains seven TPR (tetratricopeptide repeat) domains, the second of which interacts with the nuclear and mitotic apparatus protein (NuMA; Du et al., 2001 Du et al., , 2002 . Both interactions are necessary for LGN to perform its function in vertebrate epithelial cells (Morin et al., 2007; Zheng et al., 2010) . This molecular cassette (hereafter called the LGN complex) appears to regulate spindle orientation by linking astral microtubules to the cell cortex, as NuMA interacts with microtubules and with the dynein-dynactin motor complex (Merdes et al., 1996 (Merdes et al., , 2000 and Gi subunits are anchored to the cell membrane by myristoylation. Invertebrate counterparts of the Gi-LGN-NuMA complex (respectively G-GPR1/2-lin5 in C. elegans and Gi-Pins-Mud in Drosophila) have been involved in regulating axial spindle orientation in a number of models of asymmetric divisions, including the nematode zygote and fly neural progenitors (Bellaiche and Gotta, 2005) . The LGN complex therefore appears as a general regulator of oriented (Du and Macara, 2004) in chick neuroepithelial cells and observed a uniform distribution of Gi1 at the cell cortex during metaphase and anaphase (Fig. 2, a, b, and g ). A cortical enrichment of LGN has been described over the spindle poles in dividing progenitors of the E14.5 mouse telencephalon and in cultured MDCK cysts (Konno et al., 2008; Zheng et al., 2010) . Using a chick LGN-GFP fusion protein and 3D en face imaging in E3 chick embryos, we found that LGN actually forms a homogeneous ring on the lateral cortex of metaphase and anaphase neuroepithelial cells and is absent from the apical and basal cortex (Fig. 2, c, d , and h). After planar alignment and in anaphase, the poles of the mitotic spindle are located underneath this ring. This distribution is only observed when GFP-LGN is expressed at very low levels. High expression levels lead to cortical saturation and cytoplasmic enrichment of the GFP signal (Fig. S3 c) . Finally, using a monoclonal antibody directed against chick NuMA, we found that NuMA also forms a ring on the lateral cell cortex of dividing progenitors and is absent from the more apical and basal regions (Fig. 2 , e-h). NuMA is also detected on the distal regions of the mitotic spindle, just underneath the spindle poles, as was previously described in cell culture (Merdes et al., 2000) .
The lateral distribution of LGN and NuMA depends on Gi-GDP but not on aPKC
Biochemical studies in invertebrate and vertebrate species show that LGN directly interacts with NuMA via its N-terminal TPR (tetratricopeptide repeat) domain region (Du et al., 2001 (Du et al., , 2002 , and with Gi-GDP subunits via its C-terminal GoLoco domains (Willard et al., 2004) . We found that expressing high levels of the wild-type and of the constitutive GDPbound G203A point mutant form of rat Gi1 (Willard et al., 2004) dramatically increases the cortical recruitment of LGN-GFP, which is now homogeneously distributed around the cell cortex from basal to apical locations (Fig. 3 a) . Under these conditions, high levels of LGN-GFP can be expressed without saturation of the cortical recruitment (Fig. S3 d) . By contrast, expression of the constitutive GDP-bound G213A point mutant of Golf subunit has no effect on GFP-LGN subcellular distribution (Fig. 3 a) , consistent with the fact that GoLoco domains specifically bind GDP-bound members of the Gi subfamily (Willard et al., 2004) .
Knockdown of LGN and expression of the C-terminal GoLoco domains of LGN, which compete with full-length LGN for Gi-GDP interaction and prevent its cortical distribution (Morin et al., 2007) , both prevent the cortical localization of NuMA, although NuMA is still detected on spindle poles (Fig. 3 b) . By contrast, knockdown of NuMA does not abolish the cortical distribution of LGN (Fig. 3 c) .
In an MDCK epithelial cyst model, LGN is similarly restricted to the lateral cortex of dividing cells despite the presence of apical Gi subunits (Hao et al., 2010) . In this model, direct phosphorylation of a serine residue at position 401 of LGN by apically localized atypical protein kinase C (aPKC) increases its affinity for the 14-3-3 protein (Hao et al., 2010) and inhibits the Gi-LGN interaction, causing LGN removal from the apical cortex. To test whether the same mechanism onset (determined as described in the Materials and methods section). Temporal variations in  Z and  XY values indicate movements of rotation of the mitotic spindle relative to the apicalbasal axis (Z-rotation) and within the apical plane (XY-rotation), respectively. We analyzed a cohort of 37 Centrin2-GFP-labeled cells taken from 6 independent experiments. Fig. 1 , a and b, and Videos 2 and 3 show a representative time-lapse sequence of a single Centrin2-GFP cell imaged from the apical surface (Fig. 1 a; Video 2) and seen as a Z-section along its mitotic spindle axis (Fig. 1 b; Video 3) .
While  Z was random at the onset of metaphase, all cells quickly aligned their spindle with the apical surface ( Z < 30°) and maintained this planar orientation until anaphase onset (Fig. 1, b-d ; Video 3). The average time for planar spindle alignment was less than 5 min (Fig. 1, b, d , and f), whereas metaphase lasted on average 23.16 ± 0.7 min. Remarkably, after they had reached a planar orientation, all mitotic spindles maintained an active XY-rotation ( Fig. 1 , a and e; Video 2). The dynamics of this XY-rotation appears random and most cells change the direction of their XY-rotation at least once during metaphase. Fig. 1 d and e show the time course of  Z and  XY during metaphase for several representative examples, and the full dataset is presented in Fig. S2 . The average deviation in XY-orientation during metaphase (defined as the value of  XY at anaphase onset) was 82.2 ± 13°, ranging from 1° to a full rotation (353°) (Fig. S2) , suggesting that the final orientation of the divisions within the neuroepithelial plane is independent from its initial position. It is also independent from the dorso-ventral and antero-posterior axes (Fig. S2 , Video 4). Interestingly, the average speed of spindle rotation increased 5 min after metaphase onset, corresponding to the time when all spindles have reached a planar orientation (Fig. 1 g ). As this phenomenon was also observed in cells whose initial spindle orientation was planar (0-30° relative to the apical surface, n = 10 cells), this acceleration is likely to depend on metaphase progression rather than on the apical-basal orientation of the spindle (Fig. S2) .
Overall, these data show that mitotic spindle orientation follows a biphasic stereotypic pattern: during early metaphase, the spindle is actively driven to quickly orient parallel to the apical surface. During late metaphase and until anaphase, it is maintained in this planar orientation while being free to revolve randomly around the apico-basal axis, as summarized in Fig. 1 h and Video 5.
LGN and NuMA localize at the lateral cell cortex during cell division Members of the LGN complex and their invertebrate homologues have been involved in cortical force generation in different cell types. In particular, in invertebrate models of asymmetric cell division, polarized distribution of the complex dictates the positioning of one spindle pole and controls spindle orientation at anaphase. We therefore investigated their distribution in dividing neuroepithelial cells. All three Gi subunits are expressed in the chick spinal cord (Fig. S3 , a and b). As staining with anti-Gi1/2 subunit antibody produced an indistinct punctuate signal (not depicted), we used the weak CMV promoter to drive low level expression of a YFP-tagged human Gi1 subunit The specific localization of LGN and NuMA on the lateral cortex of dividing cells is compatible with a role of these molecules in regulating planar spindle positioning (Video 6), and we have shown that LGN is necessary for planar spindle orientation in neuroepithelial cells (Fig. 4 a; Morin et al., 2007) . We tested whether NuMA and Gi subunits cooperate with LGN for spindle orientation. Knockdown of NuMA as is used to restrict LGN to the lateral cortex of chick neuroepithelial cells, we expressed a constitutively activated, myristylated form of aPKC together with LGN.
LGN is still observed at the cell cortex (Fig. 3 d) . Conversely, when the neuroepithelium is cultured in presence of an aPKC inhibitor, LGN is still restricted to the lateral cortical domain (Fig. 3 e) . Finally, we compared the distribution of wild-type LGN to a mutant version in which the serine residue 401 is mutated to an alanine. The mutant protein is poorly recruited to the cell cortex compared with wild-type LGN. However, a lateral enrichment remains detectable in dividing progenitors (Fig. 3 f) . Taken together, these data suggest that, contrary to MDCK cells, apical aPKC may be neither sufficient surface ( Z ) is random at metaphase onset (left), but by anaphase onset all the spindles have adopted a planar orientation parallel to the apical surface LGN homogeneously around the whole cell cortex, caused a complete randomization of spindle orientation in anaphase (Fig. 4 c) .
We observed that all conditions which perturb spindle orientation at E3 result in the production of ectopic neural progenitors in the mantle zone 24 h later (Table I ). This phenotype can be explained by the unequal inheritance of apical attachments during cytokinesis of dividing neuroepithelial cells and delamination of one of the sister cells, which does not inherit these attachments but retains a progenitor identity, as previously well as double knockdown of Gi1 and Gi2 subunits by RNA interference caused subtle but significant spindle orientation defects (Fig. 4 a) . Treatment with pertussis toxin (PTx) was recently shown to prevent the membrane targeting of Gi subunits in Hela cells (Woodard et al., 2010) . Accordingly, expression of the catalytic subunit of PTx (PTx-A) disrupted planar spindle orientation in E3 neuroepithelial cells (Fig. 4 b) .
We then tested whether the restricted distribution of LGN and NuMA to the lateral cortex is important for precise spindle positioning. Gi1-G203A expression, which redistributes 
Gi-GDP-dependent distribution of
NuMA and LGN at the lateral cortex is both instructive and permissive for spindle movements
We used live imaging of spindle poles to compare the dynamics of spindle movements between wild-type cells and several different mutant conditions that lead to spindle orientation defects (Fig. 5 a) . In cells expressing high levels of Gi-G203A, the spindle moved freely and randomly in the three dimensions throughout metaphase. Remarkably, it could pass through a planar orientation several times during metaphase, but did not stabilize there and went on rotating relative to the apico-basal axis until anaphase onset (Fig. 5, b and c; Video 7) . Overall, spindle rotation movements increased by 50% upon Gi-G203A described for LGN loss of function (Morin et al., 2007) . Expression of a cytosolic form of Gi1, thought to compete with endogenous cortical Gi for LGN cortical recruitment, mimicked LGN knockdown and led to ectopic neural progenitors in the chick neural tube (Table I) , consistent with the observation that it causes abnormal spindle orientation and defective cystogenesis in a 3D MDCK cyst culture model . Expression of Gi2, Gi3, and Gtransducin, which have all been shown to interact with LGN GoLoco domains with affinities similar to Gi1, all led to the same phenotype (Table I) . By contrast, expression of wild-type or GDP-bound versions of Golf did not cause any such defect (Table I) , consistent with the observation that Golf-G213A (Golf-GDP) had no effect on spindle orientation (Fig. 4 c) . Overexpression of Gi-GDP (Gi-G203A) results in spindle randomization, whereas Golf-GDP (Golf-G213A) has no effect. Solid red line in graphs: median angle. Significance was assessed using the Kolmogorov-Smirnov test. There was no significant difference between control conditions (Myc, miLuc, and Golf-G213A). All other conditions differed significantly from the controls. n represents the number of measured cells. Data are collected from at least five embryos for each condition. Lightning arrows indicate the electroporated product(s). Bar, 5 µm.
a planar orientation and a second phase of planar maintenance, during which the spindle is free to revolve within the plane of the tissue. We show that Gi subunits, LGN, and NuMA all play a role in this movement and control the final planar orientation of neuroepithelial cell division. In particular, we demonstrate that LGN and NuMA localize in restricted domains of the cell cortex, forming a lateral cortical belt that determines the final position of spindle poles at anaphase. Based on invertebrate models (Nguyen-Ngoc et al., 2007) , biochemical data (Merdes et al., 1996) , and recent observations in cultured cells in vitro (Woodard et al., 2010) , it is likely that NuMA recruits the dyneindynactin complex to the lateral cortex and that this complex exerts pulling forces on astral microtubules that contact this cortical region. A higher concentration of the complex at the lateral cell cortex would generate stronger pulling forces on astral microtubules, and result in the attraction of both spindle poles toward the lateral cortex. This would cause a rotation of the mitotic spindle toward a planar orientation in early metaphase and later help maintain this planar orientation until anaphase. In the absence of LGN or NuMA, spindle rotation is strongly reduced (Video 8), although occasionally one cell displays rapid random rotation (Fig. 5, e and f) . The distribution of the LGN complex as a lateral ring suggests that cortical forces exerted through astral microtubules on spindle poles are homogeneously distributed throughout the lateral cortex. This might be permissive for the random movements of spindle rotation observed after planar orientation is achieved. Accordingly, upon expression of Gi-G203A, when LGN is relocated homogeneously throughout the cortex, spindle movements are more intense and their orientation becomes random. In particular the spindle can pass through a planar orientation several times during metaphase and does not stop there (Fig. 5, b and c) . This suggests that the ring of LGN and NuMA may be the only cue for planar spindle orientation. expression (Fig. 5 g) . In contrast, spindle rotation was greatly reduced in cells where NuMA or LGN levels had been knocked down by RNA inhibition, as well as in cells expressing the dominant-negative C-terminal domain of LGN (Fig. 5, d -g; Video 8; Morin et al., 2007) . In these cells, the mitotic spindle mostly oscillated around its initial position. A residual oriented movement was visible in some NuMA RNAi cells, although much slower than in wild-type cells, so that some cells eventually reached a near-planar spindle orientation before anaphase (Fig. 5 d) . This correlates with the mild defects in spindle orientation observed in fixed tissues (Fig. 5 a) and might be explained by residual NuMA activity: while cells treated with NuMA RNAi do not show any detectable NuMA signal with our antibody, Q-RT-PCR analysis indicates only 85% reduction in NuMA mRNA levels (Fig. S4) . Together, analyses in live cells indicate that the Gi-GDP-dependent recruitment of LGN and NuMA at the cell cortex is necessary for spindle movements. In wild-type cells, the lateral distribution of the LGN complex is instructive to direct the initial planar alignment of the spindle and permissive for the ensuing random 2D movement constrained by the lateral ring.
Discussion
In this study, we used live 3D imaging to investigate the dynamics of mitotic spindle movements leading to planar cell division in chick neuroepithelial cells. To achieve high 3D resolution, we labeled the centrosomes with a Centrin2-GFP fusion protein and used en face imaging of the whole neuroepithelium to obtain reproducible space coordinates. With this method, we show that planar orientation of cell divisions in the neuroepithelium is achieved through a biphasic movement of mitotic spindle orientation, involving a first phase of oriented spindle rotation toward Time-lapse analysis of spindle movements relative to the apico-basal axis in a control Centrin2-GFP (top) and a Gi-G203A-ires-H2B-GFP + Centrin2-GFP-expressing cell (bottom), taken from the same field in the same embryo. Apical is at the bottom and Centrin2-GFP-expressing centrosomes are pseudo-colored in red and green. In the control cell, most of the Z rotation (blue arrows) occurs within the first minutes of metaphase and is directed toward planar orientation.
In the Gi-G203A-expressing cell, Z rotation occurs throughout metaphase and is randomly oriented, and anaphase occurs with a random oblique axis. during which they perform both symmetric and asymmetric divisions to give rise to differentiated progeny. Indeed, in our hands, several molecules shown to specifically address a GFP fusion apically in MDCK cells fail to do so in chick neural progenitors (unpublished data). Hence, some aspects of the regulation of apical-basal polarity, possibly extending to the regulation of planar spindle orientation, are differentially regulated between the two cell types. As most epithelial cell types, both in vivo and in vitro, predominantly use planar divisions, it will be important to study how much conservation and divergence exist between different models to regulate this phenomenon. High levels of LGN overexpression lead to its cytoplasmic accumulation (Fig. S3 ) without causing any significant spindle orientation defects (Morin et al., 2007) , whereas increasing cortical Gi concentration increases the cortical recruitment of LGN, bypasses its lateral restriction, and leads to random spindle orientation. This suggests that: (a) physiological Gi-GDP concentrations are permissive but limiting for the cortical recruitment of LGN and NuMA; (b) LGN and Gi-GDP subunits can exert their role on spindle orientation only when they interact at the cell cortex; and (c) LGN-Gi-GDP interactions are controlled and limited to the lateral cortex. There are several alternative mechanisms for the lateral enrichment of LGN. Polarized distribution of guanine exchange factors (GEFs), GTPase accelerating proteins (GAPs), or guanine dissociation inhibitors (GDIs) could bias the Gi-GTP vs. Gi-GDP balance and modulate LGN distribution along the apico-basal axis. Similarly, apical enrichment of G subunits may sequester Gi-GDP and prevent apical LGN accumulation. However, neither overexpression of LGN, nor expression of G sequestrating agents, such as Golf-G213A or the C-terminal domain of -adrenergic receptor kinase (Ct-ARK), did perturb spindle orientation (Morin et al., 2007; Fig. 5 c and unpublished data) . Besides, Sanada and Tsai (2005) have described a cortical enrichment of G, if any, over spindle poles in mouse cortical progenitors, and they reported more planar divisions upon Ct-ARK overexpression. The polarity regulator LKB1 can phosphorylate LGN and its orthologue AGS3 in their C-terminal region, where Gi-GDP interaction domains (GoLoco domains) are located (Blumer et al., 2003) . Although the LKB1 phosphorylation site was not identified, the same study indicated that phosphorylated GoLoco domains have a reduced affinity for Gi-GDP. LKB1 localizes subapically in mouse radial glial cells at E15 (Barnes et al., 2007) and was described at the level of subapical junctions and in the apical cilium in MDCK cells (Sebbagh et al., 2009; Boehlke et al., 2010) , although its expression and localization were not described during mitosis in these cells. Local phosphorylation of LGN by apically localized LKB1 might reduce the affinity of LGN for Gi-GDP subunits and prevent its apical accumulation. Alternatively, LGN might be directly targeted to the lateral cortex through its interaction with basolateral polarity regulators of the DLG family (Sans et al., 2005 ). It is not yet possible to discriminate between these possibilities, and detailed studies on the dynamics of the cortical distribution of LGN and its many known interactors are needed.
Remarkably, live analysis in mutant conditions shows that defects in spindle rotation and orientation do not delay anaphase onset (unpublished data), indicating that there is no spindle orientation checkpoint before anaphase. Hence, a rapid rotation during the first minutes of metaphase ensures that the planar orientation is safely achieved long before anaphase onset.
Homologues of the LGN complex play a role in spindle orientation in invertebrate models of asymmetric division (Gönczy, 2008) . In these divisions, asymmetric fate in the progeny relies on the coordination of the axis of division with the polarized distribution of cell fate determinants to ensure their unequal segregation between sister cells. Accordingly, LGN complex homologues are observed as a polarized crescent that determines a fixed axial orientation for the spindle (apico-basal in Drosophila embryonic neuroblasts, anteroposterior in C. elegans zygotes and fly larval sensory organ precursors). By contrast, in epithelial cells, the distribution in a lateral ring offers one degree of freedom, which allows for the random orientation of divisions within the 360° of the neuroepithelial surface plane (Fig. S2) .
The LGN complex appears as a generic molecular machinery used to link the cell cortex to astral microtubules, which can be deployed in a different manner depending on the cell type and its particular developmental needs for oriented cell divisions. In this respect, it will be interesting to follow the distribution of the LGN complex in epithelial tissues whose polarized growth depends on oriented planar divisions, such as mammalian renal tubules (Fischer et al., 2006) .
Cortical anchoring of LGN is an essential prerequisite for its function in all cell types and it relies on the Gi-GoLoco domain interaction (Yu et al., 2002; Morin et al., 2007; Zheng et al., 2010) . However, LGN localization at the cortex needs to be further refined for precise spindle orientation. This can be achieved either by local recruitment or by local exclusion. One case of local recruitment is the Drosophila neuroblast, in which the LGN complex is recruited apically via the direct interaction between Pins and Inscuteable; in Insc mutant neuroblasts Pins and Gi are redistributed homogeneously at the cortex and apical-basal spindle orientation is disrupted (Yu et al., 2000; Schaefer et al., 2001) , while ectopic expression of Inscuteable indeed forces Pins-LGN to the apical cortex and induces apicobasal spindle reorientation in several epithelial cell types (Yu et al., 2000; Konno et al., 2008; Poulson and Lechler, 2010) . By contrast, in MDCK epithelial cells, it was shown that LGN is actively excluded from the apical cortex by aPKC phosphorylation (Hao et al., 2010; Zheng et al., 2010) . Our data suggest that neuroepithelial cells use a different mechanism for the apical exclusion/lateral enrichment of LGN, raising two questions: why would these two epithelial cell types use a different mechanism, and how is LGN restricted to the lateral cortex?
MDCK cells are epithelial cells of kidney origin. When cultured under appropriate conditions, these symmetrically dividing and exponentially growing cells display an extremely robust and stable epithelial organization. By contrast, in vivo, neuroepithelial cells represent a transient developmental stage. They dramatically remodel their apical-basal organization at the onset of neurogenesis (Aaku-Saraste et al., 1997; Costa et al., 2008), F12 medium and slit along their midline from the hindbrain to the caudal end. The electroporated side of the neural tube was peeled off with dissection forceps and transferred in F12 medium to a glass-bottom culture dish precoated with a thin layer of 2% low melting agarose F12 medium. 200 µl of 1% agarose F12 medium (1x penicillin/streptomycin, 1 mM sodium pyruvate) preheated at 42°C was gently pipetted up and down several times to soak the neural tubes. Excess medium was then removed so that the neural tubes would flatten with their apical surface adhering to the bottom of the dish and an additional thin layer of agarose medium was then added on top. After agarose polymerization, the whole dish was covered with 3 ml liquid F12/PS/sodium pyruvate medium and transferred to 37°C for 1 h for recovery before imaging.
Image acquisition
Optical sections of fixed samples were obtained either on a confocal microscope (LSM 510; Carl Zeiss, Inc.) using a 100x (Plan Apochromat NA 1.4 oil immersion) objective and Zeiss AIM software ( Fig. 2; Fig. 3, a and c) , on a confocal microscope (LSM 710; Carl Zeiss, Inc.) using a 63x (Plan Apochromat NA 1.4 oil immersion) objective and Zeiss ZEN software (Fig. 3,  d and e), on a confocal microscope (model SP5; Leica) using a 63x (Plan Neofluar NA 1.3 oil immersion) objective and Leica LAS software (Fig. 3 f) , or on an upright microscope (Axioskop; Carl Zeiss, Inc.) equipped with the Apotome module and a 63x (Plan Neofluar NA 1.3 oil immersion) objective (Fig. 3 b) or an 40x (F.Fluar NA 1.3 oil immersion) objective (Fig. 4 , b and c) using Zeiss Axiovision software. Z-views were generated with the Ortho tool in the Zeiss LSM Image Browser, except in Fig. 3 f, where they were generated in ImageJ. Spindle orientation measurements in anaphase cells in fixed tissue were performed as in Morin et al. (2007) . For live imaging, en face cultures of Centrin2-GFP-and/or H2B-GFP-expressing embryos were imaged with a 40x oil (Plan Neofluar, NA 1.3; Carl Zeiss, Inc.) or water (c-Apochromat, NA 1.2; Carl Zeiss, Inc.) immersion objective, on an inverted microscope (Axiovert 200M; Carl Zeiss, Inc.) equipped with a spinning disk confocal head (CSU-10; PerkinElmer), a heating chamber, and a solid-state laser diode at 488 nm. 20-30-µm-thick Z-stacks (1-µm steps) were acquired at 1-min intervals for 3-5 h using MetaMorph software (Molecular Devices) and a CCD camera (CoolSnapHQ; Roper Scientific). Stack projections of individual cells (time series in Fig. 1 a) were obtained with the maximum projection tool in MetaMorph. Z-line projections (time series in Fig. 1 b and Fig. 5 c) were created with the "kymograph" tool in MetaMorph, by manually tracing a 120-pixel-long line spanning the two centrosomes for each time point. Line width was set to 7 pixels. Individual images were imported into Photoshop software (Adobe), and rescaled along the XY and Z axes. 3D drawings and animations (Videos 5-8) were done with Anim8or software.
Determination of metaphase and anaphase onset
In cells expressing both H2B-GFP and Centrin2-GFP, metaphase onset can be determined on the basis of chromosome condensation and the appearance of a metaphase plate. Typically, the distance between centrosomes stabilizes between 6.5 and 8.5 µm at that point and remains stable until anaphase (before metaphase onset, both centrosomes migrate basally; the distance between them is unstable and does not appear to follow any rule, as in some cases it is as low as 3 µm and in some others it is higher than 12 µm). For cells expressing Centrin2-GFP only, in the absence of chromosomal marker, the onset of metaphase was determined empirically as the time when the distance between centrosomes reaches a stable value between 6.5 and 8.5 µm.
3D measurements of spindle movements
For each analyzed cell, to reconstruct 3D spindle movements, pixel values of the x and y positions of both centrosomes (C1 and C2) were obtained manually using the "Measure Pixels" tool in MetaMorph. The Z-position was determined as follows: typically one centrosome can be seen on three successive Z-levels (e.g., 6, 7, and 8 µm), and the Z-value of the second level (7) is chosen; in cases where the centrosome is seen on four sections (e.g., 6, 7, 8, and 9 µm) , the intermediate value between the second and third (eg, 7.5) was used. The values were then entered in a Microsoft Excel sheet and x-y, x-y-z distances (in µm) and angles (in degrees) in the XY plane and relative to the Z axis were calculated using the following formulas (see illustration in In neuroepithelial cells, the apical surface and subapical attachment sites only represent 2% of the dividing cell surface (Kosodo et al., 2004) . We have previously shown that equal partitioning of subapical attachment sites is essential to maintain the two sister cells within the ventricular zone (Morin et al., 2007) . In this study, we observe that even mild defects in spindle orientation, such as those caused by partial Gi1-2 RNAi, NuMA RNAi, or PTx expression (Fig. 5) , are probably sufficient for the unequal segregation of apical attachment sites because they systematically result in the production of misplaced progenitors in the mantle zone (Table I ). This emphasizes the strict requirement for a very precise planar spindle positioning to maintain tissue architecture in the neuroepithelium.
Materials and methods
Electroporation Electroporation was performed in E2 chick embryos as described previously (Morin et al., 2007) . Typically, vectors for gain and loss of function were used at a concentration of 2 µg/µl. Vectors that do not carry a fluorescent reporter were supplemented with an H2B-GFP-or GFP-expressing vector at 1 µg/µl. A list of all the vectors used in this study is presented in Fig. S5 . Full detail of vector construction and sequences can be obtained from X. Morin upon request. Sequences used to target chick LGN, NuMA, Gi1, and Gi 2 for knockdown are: LGN-192: 5-GAATACCATCACCAT-GATTTA-3 (Morin et al., 2007) ; NuMA-1152: 5-CAGGAGAAGAAAT-GCCTAGAA-3; NuMA-3995: 5-GATGACCATCGAGGCACTGAA-3; Gi1-174: 5-GCTGGTTATTCAGAAGAAGAA-3; and Gi2-189: 5-GAGG-AGTGCCGGCAATACAAA-3. For the simultaneous analysis of wild-type and mutant cells in live experiments (Fig. 5) , we generated vectors carrying a loxP-flanked PolyA sequence between the CAGGS promoter and a bicistronic messenger carrying either Ct-mLGN or Gi-G203A followed by H2B-GFP (Fig. S5) . These vectors were electroporated at 2 µg/µl together with a Centrin2-GFP-expressing vector (1 µg/µl). Addition of a Cre recombinase-expressing vector at a concentration of 100 ng/µl typically resulted in excision of the PolyA and expression of Ct-mLGN (or Gi-G203A) and H2B-GFP in approximately half of the Centrin2-GFP-positive cells. For RNAi experiments, two electroporations were performed at 6-h intervals in the same embryos, the first one with the RNAi vector carrying the H2B-GFP reporter (2 µg/µl) supplemented with the Centrin2-GFP vector (1 µg/µl) and the second one with the Centrin2-GFP vector (1 µg/µl) alone. Embryos were harvested for live imaging 18 h after the second electroporation and regions showing both single Centrin2-GFP and double Centrin2-GFP/H2B-GFP cells were used for analysis.
Immunohistochemistry and in situ hybridization
The full-length sequence of chick NuMA cDNA has been deposited into the GenBank/EMBL/DDBJ nucleotide sequence database under accession no. FN994986. For the production of monoclonal antibodies against NuMA, cDNA encoding amino acids 1698-2141 of chicken NuMA was cloned into pRSET-B plasmid (Invitrogen) and expressed in BL-21 bacteria. The 6His-tagged NuMA protein was extracted with 8 M urea in 50 mM sodium phosphate, pH 7.9, and purified over nickel-sepharose. The purified protein was dialysed against 20 mM NaHCO 3 and injected into BALB/c mice. Spleens of mice that showed an immune response were fused with P3-X63Ag8 myelomas and culture supernatants of positive clones were screened on dot blots of NuMA fusion protein as well as by immunofluorescence in DU249 cells. The anti-chicken NuMA antibody was used at a 1:20 concentration in PBT (0.3% Triton X-100), 10% FCS, on embryos fixed for 2 h in 4% formaldehyde. In addition to the nuclear signal in interphase and to the cortical and spindle localization, a staining is observed on apical cilia. This ciliary staining is nonspecific, as it is not lost upon NuMA RNAi treatment, and is not observed upon expression of a NuMA-GFP fusion protein, which recapitulates the other NuMA antibody signals. Mouse anti-GFP (#TP401; Biolabs) was used at 1:200 dilution. Immunohistochemistry and in situ hybridization on cryosections or whole mount were performed as described in Morin et al. (2007) .
En face culture Embryos were harvested in PBS at E3, 24 h after electroporation. After removal of extraembryonic membranes, embryos were transferred to 37°C For angle measurements presented in Fig. 2 g, a time -lapse movie of a projection of 25 µm Z-stack H2B-GFP-expressing cells (Video 4) was imported into Axiovision software (Carl Zeiss, Inc.) and the orientation of the mitotic spindle relative to the horizontal axis of the movie was measured using the angle measurement tool for the first 160 dividing cells in the movie.
RT-PCR
Total RNA was obtained from chick E3 trunks, E4 trunks, and E4 limbs using TRIzol reagent (Invitrogen) and following the manufacturer's instructions. cDNA was synthesized using Superscript III first strand synthesis kit (Invitrogen) and following the manufacturer's instructions. PCR was performed with 28 rounds of amplification (1 min at 94°C, 1 min at 53°C, and 1 min at 72°C) using pairs of primers specific for chick ribosomal protein L27 (control), Gi1, Gi2, Gi3, Go, Gs, and LGN genes. All fragments were between 250 and 400 bp. Primers used for RT-PCR are listed in Table II .
Evaluation of RNAi efficiency by quantitative RT-PCR FACS sorting.
To evaluate the efficiency of NuMA and Gi RNAi knockdown, the electroporated portion of the neuroepithelium of 10 E3 chick embryos was dissected 24 hours after electroporation in phosphate-buffered saline (PBS; see En face culture section for details), incubated in 1 ml 1x trypsin-EDTA medium (Invitrogen) at 37°C for 5 min. Trypsin was inactivated with 1 ml 10% fetal bovine serum in F12 medium and cells were dissociated by pipetting up and down with a 1-ml cone. After centrifugation at 1,000 rpm for 5 min, the pellet was resuspended in 1 ml of cold PEB buffer (PBS, 0.5% BSA, and 5 mM EDTA) for FACS sorting. For each RNAi vector, 80,000-100,000 wild-type (GFP negative) and knockdown (GFP positive) cells were sorted using a BD FACSAria high-speed cell sorter.
Quantitative RT-PCR. Immediately after sorting, total RNA was prepared from each population using the RNeasyPlus RNA purification kit (QIAGEN). RNA quantity was assessed using the NanoDrop 1000 (NanoDrop Technologies). Two retro-transcriptions were performed using Superscript III first strand synthesis kit (Invitrogen) for each sample with equal quantity of RNA and then pooled together. Quantitative PCR was performed on a Iq5 cycler (Bio-Rad Laboratories) using SYBR GreenER Super-MIX (Invitrogen). Annealing temperature was optimized for each primer set and the PCR reactions were evaluated by melting curve analysis following the manufacturer's instructions and checked by electrophoresis. cGAPDH mRNA was amplified to ensure cDNA integrity and to normalize expression. Each quantitative PCR was performed in triplicate for each set of RNA preparation. Primers used for Q-RT-PCR reactions are listed in Table III .
Online supplemental material Fig. S1 shows the experimental set-up for 3D live imaging of chick neuroepithelial cells. Fig. S2 shows analysis of 3D dynamics of spindle rotation in wild-type Centrin2-GFP-expressing chick neuroepithelial cells. Fig. S3 shows that all three Gi subunits are expressed in the chick spinal cord. Their overexpression increases cortical recruitment of LGN. Fig. S4 shows characterization of Gai1-2 and NuMA knockdown efficiency by FACS sorting and immunohistochemistry. Fig. S5 shows a summary of all constructs used in this study. Video 1: chick E3 neuroepithelial cells expressing Centrin2-GFP and H2B-GFP were imaged from the apical surface of the neuroepithelium for 5 h. Video 2: Apical view of a dividing chick E3 neuroepithelial cell expressing Centrin2-GFP. Refers to Fig. 1 a. Video 3: Z-view along the spindle axis of the same dividing cell as in Video 2. Refers to Fig. 1 b. Video 4: Chick E3 neuroepithelial cells expressing H2B-GFP were imaged from the apical surface of the neuroepithelium for 10 h. Video 5: A 3D animation depicting the biphasic spindle movements in a neuroepithelial cell during metaphase. Video 6: The same animation as in Video 5. The orange lateral belt indicates the region where the LGN complex (0.317125 and 0.1586 represent the conversion factor from pixels into µm measured for a 40x objective, with acquisitions performed with the "binning 2" or "binning 1" settings in MetaMorph, respectively). z = z C2 -z C1.
x-y distance (distance between the Z-projections of the two centrosomes in the XY plane): xy = √(x 2 + y 2 ).
x-y-z distance (distance between the two centrosomes): xyz = √(x 2 + y 2 + z 2 ).
arctan(x;y) gives the angle of the spindle in the XY plane relative to the x axis . In Fig. 1 e and Fig. S2 , the angle of the spindle in the XY plane is standardized to its value at metaphase onset (t0), and is calculated as:
 XY = arctan(x;y)-arctan(x t0 ;y t0 ).
The angle relative to the Z axis:
 Z = arctan(z;xy).
The total rotation of the spindle between two successive time points t and t+1 () is calculated as:  = arccos[|(x t *x t+1 )+(y t *y t+1 )+(z t *z t+1 )| / xyz t *xyz t+1 ].
Spindle dynamics is the average rotation of the spindle per minute during metaphase; it is calculated as:
where T represents metaphase length for this cell. In Fig. 5 g, spindle dynamics was calculated for each control and mutant cell, and averaged in the mutant and control populations for each experiment. The values in the controls were standardized to 1 for each experiment. L27  5-AAGCCGGGGAAGGTGGTG-3  5-GGGTGGGCATCAGGTGGT-3  LGN  5-GCTGAGAGGCACCTGGAGATC-3  5-GCGCTGGGAAGGCGGCTGTC-3  Gi1  5-GTACGCAGCCCCTGCCGAGATG-3  5-CCTTCCTCTGCTGCTCCAGCT-3  Gi2  5-GAGAAGATCGTGCACAGCCCC-3  5-GTGCGTCCTTGCCGCCCTCA-3  Gi3 5-ATGACCTTGTCTTGGCCGAGG-3 5-CCGCAGCGCTCCGCTTTACC-3 Go 5-GCAGTACAAGCCAGTGGTCTACAGC-3 5-CCTGCTCCGTGGGCTGGTAGTC-3 Gs 5-GGACAATCAGACCAACCGGC-3 5-GCCTTCCATCTCCACTTGCTG-3 Gi1  5-GAGCTGGTGAATCAGGGAAA-3  5-ACGTCCGCAGTCATAAATCC-3  Gi2  5-ATCGTGGAGACCCACTTCAC-3  5-GTGCATTCGGTTCATCTCCT-3  NuMA  5-AGGAGCTGAGGGAGAGGAGC-3  5-GAGAGCTCATTCAGGGCATC-3  GAPDH  5-CCTCTCTGGCAAAGTCCAAG-3  5-CATCTGCCCATTTGATGTTG-3 
